The influence of the length of polymer aggregation on the turbulent drag reduction effect is investigated through numerical simulation. Polymer aggregation is modeled using a bead-spring chain model, which is a discrete element model. Simulations are carried out for different total natural lengths of the model at a friction Reynolds number of 180, and the numerical results for different spring constants by Fujimura et al. (2016) are analyzed. In addition, the time scale of the model, which corresponds to relaxation time, is investigated using oscillating Couette flow. Relaxation time increases as the total natural length increases and the spring constant decreases, and the drag reduction rate in turbulent channel flow increases with relaxation time. In the present study, it is determined that relaxation time is correlated with the length of the elongated model in turbulent channel flow. The relation between the drag reduction rate and the length of the elongated model can be expressed by a logarithmic function. According to the relational expression, it is expected that the drag reduction effect occurs when the length of the elongated model is longer than the diameter of vortical structures. In the visualization of turbulent flow field, it can be observed that longer models exhibit strong energy dissipation through interaction with the fluid, and suppress velocity fluctuations.
Introduction
Polymeric drag reducing additives have several potential industrial applications for wall turbulence because a drag reduction phenomenon occurs at low polymer concentrations, and the maximum drag reduction rate is approximately 80% (Virk, 1975) . Significant change in turbulent structures due to small-scale polymer molecules at low concentrations has been investigated since the drag reduction phenomenon was discovered by Toms (1945) . Several researchers (Cox et al., 1974 , Dunlop and Cox, 1977 , Warholic et al., 1999 , Vlachogiannis and Hanratty, 2004 , and Wyatt et al., 2011 focused on the role of small aggregations, which are caused by entanglement between individual polymer molecules. Vlachogiannis and Hanratty (2004) and Wyatt et al. (2011) reported that higher drag reduction is achieved when polymer aggregations are present in turbulent flow. Vlachogiannis et al. (2003) investigated the effect of polymer mechanical degradation using a pump, which weakens the drag reduction effect. Mechanical degradation involves no significant changes in molecular weight distribution, and destruction of aggregations occurs when the drag reduction effect is suppressed.
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Masanari FUJIMURA*, Kaoru IWAMOTO*, Akira MURATA*, Mitsutoshi MASUDA**, Hirotomo ANDO*** and Hiroya MAMORI**** Fujimura, Iwamoto, Murata, Masuda, Ando and Mamori, Journal of Fluid Science and Technology, Vol.12, No.2 (2017) Numerical simulations of drag-reduced turbulent flow with polymer aggregations were performed by Fujimura et al. (2016) . They used a bead-spring chain model, which is a discrete element model, as shown in Fig. 1 . The bead is a mass of polymer, and the spring exhibits elasticity. The interaction between the beads and fluid is represented by Stokes drag. By increasing the number of beads, N B , in the model, large-scale aggregations can be simulated. Their model was established on the basis of a bead-spring-dashpot model (Kajishima and Miyake, 1998 and Wang et al., 2012) . In the bead-spring-dashpot model, two beads are linked by a spring and a dashpot. Kajishima and Miyake (1998) and Wang et al. (2012) found that vortical structures were damped by the discrete element model distributing inhomogeneously in a turbulent channel flow. Although physical interactions with the fluid are neglected between two beads, verification of the natural spring length was not taken into account in studies by Kajishima and Miyake (1998) and Wang et al. (2012) . In the chain model including dashpots, Utada et al. (2013) investigated the dependence of the drag reduction rate on the natural spring length. Fujimura et al. (2016) verified the bead-spring chain model through comparison with experiments and the finite elastic nonlinear extensibility-Peterlin (FENE-P) model, in which polymer dynamics is represented in the Eulerian frame of reference (Bird et al., 1987) , and investigated the influence of the spring constant on the drag reduction effect. Their statistics are in good qualitative agreement with experimental results and with numerical results obtained using the FENE-P model (Dallas et al., 2010) . Additionally, they analyzed the budget of Reynolds stress, and reported that the results for energy transport between turbulent flow and polymer models support the trends observed in the study with the FENE-P model by Dimitropoulos et al. (2001) . In addition, their results exhibit the trend that friction drag reduces considerably when the spring constant is small, which corresponds to large relaxation time in continuous models.
The advantage of using the discrete element model is that polymer aggregation is represented by a combination of the beads and spring, and direct interaction between the model and turbulent flow can be captured, unlike continuous models. By visualizing the flow field, Fujimura et al. (2016) determined that the models that absorb a large amount of energy from turbulence orient in the spanwise direction near vortical structures and the models that release the energy orient in the streamwise direction. Polymer dynamics involve strong energy dissipation by Stokes drag, and play a role in suppressing turbulence.
The feature of the bead-spring chain model is that detailed parameters can be set and compared to continuous models (e.g., the FENE-P model). The common parameters in the bead-spring chain and FENE-P models are the maximum extensibility and polymer concentration. In the FENE-P model, the property of a polymer is determined by the Weissenberg number, which is the ratio of the relaxation time of the polymer to the representative time of turbulence. In the bead-spring chain model, the parameters of a polymer are the radius of the bead, r, spring constant, k, natural spring length, l 0 , and total natural length, L 0 = (N B − 1)l 0 . Utada et al. (2013) proposed a bead-spring-dashpot chain model, which is a discrete element model including dashpots, and determined that the drag reduction rate does not depend on l 0 when l + 0 is less than 4. Here, superscript + denotes normalization by kinematic viscosity, ν, and friction velocity, u τ = √ ν du/dy| wall . Fujimura et al. (2016) set r to satisfy the Stokes' condition, i.e., relative Reynolds number Re rel = 2|u [e] − v [e] |r/ν < 1, where u [e] is the fluid velocity at the e−th bead, v [e] is the bead velocity, and ν is the kinematic viscosity of the fluid. Under the above-mentioned condition of l 0 and r, the relaxation time of the bead-spring chain model depends on k and L 0 . Therefore, the Weissenberg number of the FENE-P model can be divided into k and L 0 in the bead-spring chain model.
The mechanism of the drag reduction effect has been frequently discussed based on time scale (Hershey and Zakin, 1967 and Lumley, 1969) . In drag-reduced turbulent flow in the FENE-P model, skin-friction drag decreases as the Weissenberg number increases (the relaxation time of the polymer increases). Utada et al. (2013) and Mamori et al. (2013) performed numerical simulations of drag-reduced turbulent flow using the bead-spring-dashpot chain model with different values of L 0 . In addition, Fujimura et al. (2016) investigated the influence of k on the drag reduction effect using the bead-spring chain model. Their results showed that the drag reduction rate increases as L 0 increases and k decreases. It is difficult to compute the relaxation time of their models, while it can be expected that large relaxation time corresponds to large L 0 and small k. However, the advantage of their models is that they have an exact length scale and comparison between the length scales of the models and turbulent structures is possible, while comparison between the time scales of the polymer and turbulent flow is focused on in continuous models. Therefore, in the present study, we analyze drag-reduced turbulent flow using a discrete element model for different values of L 0 and k, and investigate the relation between the length scales of the model and turbulent structures. Note that numerical simulations using the model of Utada et al. (2013) , who investigated the effect of L 0 , were not validated, while the bead-spring chain model was validated by Fujimura et al. (2016) through comparison with experimental results and the FENE-P model. We employ this model to investigate the influence of L 0 on the drag reduction effect in turbulent channel flow and compare our results with those of Fujimura et al. (2016) , who investigated the effect of k. In addition, we qualitatively investigate the relation between the length and time scales of the model. In the present study, we estimated the relaxation time of the model for different values of k and L 0 in oscillating Couette flow.
The rest of this paper is organized as follows: Section 2 describes the numerical simulations. Sections 3.1 and 3.2 describe the results for drag-reduced turbulent channel flow and oscillating Couette flow, respectively. Lastly, conclusions are stated in Section 4.
Numerical Simulation
The equation of motion for the beads is
where m, t, f [e] i , and T [e]i represent the mass of the bead, time, Stokes drag, and elastic force, respectively. Subscript i (= 1 . . . 3) denotes directions as follows: i = 1 for the streamwise direction, i = 2 for the wall-normal direction, and i = 3 for the spanwise direction. The beads and fluid are coupled through Stokes drag,
where µ is the viscosity coefficient of the fluid. The velocity at the center of the bead, u [e]i , is obtained by interpolating the velocities at the grid points surrounding the center of the bead. The following nonlinear elastic model is used:
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l [e] (e = 1),
l [e] (e = 2, . . . , N B − 1),
where
− l 0 and ξ max = l max − l 0 are the elongation from the natural length, l 0 , and the maximum extensibility, respectively. The radius of the bead, r + , is set to be 0.08, and it was confirmed that this value satisfies the Stokes' condition. The natural spring length, l + 0 , is 2.0, which lies in the range in which the drag reduction rate does not depend on the natural spring length . The maximum spring length, l The governing equations for the fluid are
where ρ is the density of the fluid and F i is the Stokes drag averaged over the cell volume, V, i.e.,
A second-order central difference scheme is employed for spatial discretization in all directions. The simplified marker and cell method is adopted for the coupling between the continuity and Navier-Stokes equations. The second-order Crank-Nicolson scheme and the low-storage third-order Runge-Kutta scheme are employed as time-advance algorithms (the first for the vertical viscous term and the second for other viscous terms and convection terms). The Poisson equation of pressure is solved using a fast Fourier transform in the streamwise and spanwise directions and a tridiagonal matrix algorithm in the wall-normal direction.
Periodic boundary conditions are imposed in homogeneous directions and the no-slip condition is imposed on channel walls. The initial condition of the flow field consists of data for a statically converged Newtonian flow field. The mean pressure gradient is maintained constant and the friction Reynolds number, Re τ , which is based on friction velocity u τ , δ, and ν, is set to be 180. For the boundary condition in the bead-spring chain model, the beads rebound from the walls and a periodic boundary condition is imposed in the streamwise and spanwise directions. The initial conditions of the model are random orientation, natural spring length, and no velocity difference between the beads and fluid. The computational domain of channel flow is 2πδ × 2δ × πδ with a grid resolution of (∆x + , ∆y + , ∆z + ) = (8.8, 0.93-5.97, 4.4). The calculation condition is the same as that in Fujimura et al. (2016) , who confirmed that the statistics of Newtonian fluid flow are consistent with that of the spectral method (Moser et al., 1999) , and the residual of energy budget in viscoelastic fluid flow is considerably low. Numerical simulations of multiphase flows with particles are considerably sensitive to grid resolution (Eaton, 2009 and Gualtieri et al., 2013) . We simulated Case 2 with a finer grid resolution (∆x + , ∆y + , ∆z + ) = (4.4, 0.47-2.98, 2.2). The difference between the drag reduction rates obtained using the two grid resolutions is 0.7%, which indicates achievement of grid convergence.
Results
Drag-reduced turbulent channel flow
The drag reduction rates are listed in Tab. 1. The drag reduction rate in the numerical simulation is evaluated from the reduction in the skin-friction factor, C f , (obtained using Eq. (10)) with respect to that in the Newtonian fluid flow case, C f,N ,
No drag reduction is observed in Case 4. In Cases 2 and 5, the drag reduction rate increases with the total natural length. This trend is in qualitative agreement with the results of Utada et al. (2013) and Mamori et al. (2013) , who investigated the effect of the total natural length using the bead-spring-dashpot model. Figure 2 shows the streamwise mean velocity profile with respect to the distance from the wall for Cases 1-5 and for the Newtonian fluid flow case (hereafter referred to as Case N). The mean velocity profile shifts upward for all cases except Case 4, and the magnitude of the shift increases as the total natural length increases and the spring constant decreases. The asymptotes of the mean velocity are sketched in Fig. 3 for Cases N, 2, and 5. In the Newtonian fluid flow, the mean velocity in the viscous sublayer (y + < 5) and the logarithmic layer (y + > 30) follows a linear profile, u + = y + , and a logarithmic profile, u + = 2.5 ln(y + )+5.5, respectively. In Fig. 3 , the profile for Case N slightly differs from the logarithmic asymptote owing to low Reynolds number, Re τ = 180. The logarithmic asymptotes of the drag-reduced cases in Fig. 3 were obtained from the data for which y + > 40. For drag-reduced turbulent flow without large-scale polymer aggregations, drag reduction can be classified as low drag reduction (R D ≤ 40%) and high drag reduction (40% < R D ≤ 60%) (Warholic et al., 1999) . For low drag reduction, the profile of mean streamwise velocity in the logarithmic layer remains parallel to that of the Newtonian fluid flow, whereas the slope of mean streamwise velocity increases for high drag reduction. In contrast, for drag-reduced turbulent flow with large-scale polymer aggregations, the slope of mean streamwise velocity increases even for low drag reduction (R D ≤ 40%) (Hoyer and Gyr, 1996) Case 2 (L + 0 = 64), which was used by Fujimura et al. (2016) , shows that the profile of mean streamwise velocity is approximately parallel to that in the Newtonian case. In Case 5 with the longer model (L + 0 = 146), the slope increases. In the experiments by Hoyer and Gyr (1996) , the slopes at R D = 25% and R D = 40% were 3.3 and 4.3, respectively, and the slope in Case 5 (R D = 29%) was between these values. . These behaviors become stronger as the total natural length increases and the spring constant decreases. In drag-reduced turbulent flow, strong anisotropy of turbulence is observed (Frohnapfel et al., 2007) , and Fujimura et al. (2016) determined that strong anisotropy of turbulence results from decrease in the magnitude of the pressure-strain correlation. The pressure-strain correlation redistributes the energy from u ′+ u ′+ to v ′+ v ′+ and w ′+ w ′+ , and promotes isotropy of turbulence because the production terms of v ′+ v ′+ and w ′+ w ′+ are zero. Therefore, suppression of the pressure-strain correlation results in strong anisotropy of turbulence. Figure 7 shows the profile of Reynolds shear stress. The asterisk indicates normalization by u τ , ρ, and δ. In dragreduced flow, Reynolds shear stress decreases in the entire domain. Figure 8 shows polymer stress,
In Case 4, polymer stress is almost zero. In Cases 1 and 2, the peak of polymer stress is in the buffer layer. The polymer stress at y * ∼ 0.5 becomes higher for Case 3 as compared to Cases 1 and 2, and the peak is clearly observed in Case 5.
As discussed later in Fig. 14, the long model dissipates energy around vortical structures, where the velocity difference between the beads and flow is large, and this leads to the large polymer stress observed in Fig. 8 . Figure 9 shows the elongation from the natural spring length, ξ + . The elongation of the polymer model increases with the drag reduction rate. The polymer model elongates owing to interaction with the fluid. When the model is sufficiently long to be affected by turbulent structures, Stokes drag increases significantly, as shown in Figs. 8 and 14 . Accordingly, the model with large Stokes drag exhibits large elongation. Large elongation of polymers was observed in straining flows by Eckhardt et al. (2002) , Davoudi and Schumacher (2006) , Bagheri et al. (2012) , and Terrapon et al. (2004) . The elongation in Case 4, which involves no drag reduction, is almost zero. Dimitropoulos et al. (1998) performed numerical simulations of drag-reduced turbulent flow using the FENE-P model with various parameters. They reported that the elongation of a polymer is considerably lower when drag reduction is not observed. This trend is consistent with that observed in Case 4. The drag reduction phenomenon is frequently discussed based on a time criterion, and the drag reduction rate increases with the Weissenberg number. The relaxation time of a polymer is affected by its length scale, such as the radius of gyration of a polymer molecule (Zimm, 1956) . Therefore, we examined whether the length scale of the model is correlated with the drag reduction rate. Figure 11 shows the drag reduction rate with respect to the mean distance, L + m , between the two farthest beads in the model as shown in Fig. 10 . This distance is averaged over the entire domain. It can be observed that the drag reduction rate increases with L + m . In addition, the relation between R D and L + m for Cases 1, 2, 3, and 5 in Fig. 11 can be expressed by a logarithmic function as
According to Eq. (9), the drag reduction rate becomes zero when L + m = 34.7, which is close to the diameter of a streamwise vortex, d
+ ≈ 20 − 40 (Kasagi et al., 1995 , Jeong et al., 1997 , Tanahashi et al., 1999 , and Susanta et al. 2006 ).
We decomposed the skin-friction coefficient, C f , to determine the relations between the contributions of Reynolds shear stress and polymer stress to C f and L + m . The skin-friction coefficient can be decomposed into laminar (C f,lam ), turbulent (C f,turb ), and polymer (C f,poly ) contributions (Fukagata et al., 2002) . We visualized the flow field using models to investigate the relation between the length scales of the model and turbulent structures. Figure 13 shows the vortical and streak structures in half of the channel for Cases N, 2, 4, and 5. Vortical structures are identified by the second invariant of the velocity gradient tensor, Q + . In drag-reduced turbulent flow, vortical structures become weaker and streak structures become more stable, as compared to the Newtonian case. Fujimura et al. (2016) 
Tanaka and Eaton (2010) referred this term as "the additional energy term due to particles" (they investigated the particle laden turbulent flow). On the other hand, the dissipation term of the kinetic energy of the chain model, e p[e]i , reads
The sum of them is,
Since ε p[e]i is always negative, the energy is dissipated due to Stokes drag. In the following, we referred ε p[e]i as the total energy dissipation due to Stokes drag in accordance with our previous paper (Fujimura et al., 2016 visualize the flow field with the models; we extract the models which dissipate energy primarily through Stokes drag, and these are colored in green. We use threshold values of
0001, -0.0035, and -0.017 in Cases 2, 4, and 5, respectively, for the visualization. Note that threshold values of energy dissipation are different for Figs. 13b-d, i.e., the longer model dissipates more energy through Stokes drag. Models with strong energy dissipation exist near vortical structures, and longer models exist across turbulent structures. Figure 14 shows the magnified view of vortical and low-speed streak structures with contours of energy dissipation for Cases 4 and 5. In Case 4 (L + 0 = 16), strong energy dissipation occurs at the ends of the models because of shear in the flow field. In contrast, in Case 5 (L + 0 = 146), strong energy dissipation can be observed in low-speed streak structures. The energy dissipation due to Stokes drag becomes stronger in the region where the velocity difference between the bead and fluid is large, and it reduces this velocity difference. Therefore, the models dissipate more energy in streak structures where velocity fluctuates locally, and suppress turbulence.
Estimation of relaxation time
In the previous section, it was shown through numerical simulations of turbulent channel flow using the bead-spring chain model, which is at a scale larger than the Kolmogorov scale, that the drag reduction rate is correlated with the length scale of the model, L m . It can be expected that L m , such as the radius of gyration of a polymer molecule (Zimm, 1956) , is related to the time scale of the model. However, it is difficult to compute the time scale of the bead-spring chain model in turbulent channel flow. Therefore, we investigate the qualitative relation between the length and time scales of the model for oscillating laminar Couette flow, which has a single time scale. The Couette flow in which an upper wall oscillates according to a sine wave function is given by
where u w , U w , and ω are the wall velocity, maximum wall velocity, and angular velocity, respectively. The variables are normalized by U w , δ, and ρ, and the normalized variables are expressed using () ′′ . The normalized wall velocity is given
The relaxation time can be estimated by the phase difference, 0 < ϕ ′′ < π/(4ω ′′ ), between the elongation of the model, ξ ′′ , and the wall velocity, u ′′ w . As the relaxation time of the model increases, the phase lag of ξ ′′ from u ′′ w increases, i.e., the relaxation time of the model increases with ϕ ′′ .
As shown in Tab. 2, we performed 20 simulations. We considered four different angular velocities (ω ′′ =50, 500, 1000, and 2000) with five parameter sets. The variables with an asterisk in superscript, which are used in turbulent channel flow, are converted as follows: 
In this laminar Couette flow simulation, the Reynolds number based on U w , δ, and ν is set to be Re w =1.0. In the oscillating flow, the maximum friction velocity is given by
where du/dy| wall,max is the maximum of the velocity gradient on the upper wall in Newtonian fluid flow. We define the friction Reynolds number using u τ,max , δ, and ρ, which is Re τ =4.7, 5.6, 6.2, and 6.7 at ω ′′ =50, 500, 1000, and 2000, respectively. The radius of the bead, r ′′ , and the natural spring length, l ′′ 0 , are set to be 4.44×10 −4 and 1.11×10 −2 , respectively, in all cases. The maximum spring length, l ′′ max , is set to be twice the natural spring length, l ′′ 0 . Table 3 shows the parameters of the flow field. The size of the calculation domain is twice the total length of the model in the x and z directions, as the maximum spring length is set to be twice the natural spring length. Typically, in turbulent flow at low Reynolds number, a large domain is required to capture turbulent structures. However, the present simulation is for laminar flow (Re w = 1.0), and turbulent structures do not appear. Therefore, we use this domain size. To verify the calculation, we considered the case with the larger domain size in the x and z directions, with finer grid resolution in all directions for Case 2 at ω ′′ = 1000, as shown in Tab. 3 (Case 2-fine). The mass concentration in the polymer model is set to be the same as that in turbulent channel flow. Figure 15 shows the time histories of the wall velocity and the mean elongation of the model for Case 2 and Case 2-fine at ω ′′ = 1000. The difference between ϕ ′′ for Case 2 and Case 2-fine is 3.4%, which implies that the domain size and grid resolution are sufficient. Figure 16 shows the time histories of the wall velocity and the mean elongation of the model at each angular velocity for Cases 1-5. It should be noted that the elongation of the model increases with the drag reduction rate in turbulent channel flow, as shown in Sec. 3.1. In the present study, ϕ ′′ is calculated as follows: A wave with the period of wall velocity oscillation as 2π/ω ′′ is extracted from the time history of the mean elongation of the model using the Fourier transform. As the wave has a real part, a ′′ cos(ω ′′ t ′′ ), and an imaginary part, b ′′ sin(ω ′′ t ′′ ), the phase difference, ϕ ′′ , is obtained using arctan(a ′′ /b ′′ ). The trend in phase difference is clearly observed in Fig. 17 . The difference between ϕ ′′ for each case decreases as the angular velocity increases. We use a power approximation, ϕ ′′ = Aω ′′B , to estimate the time scale of the model, and the approximate expression is represented by the dashed lines. Factor A equals ϕ ′′ , at ω ′′ = 1, and logB is the slope of the approximate expression in Fig. 17 . When A and B are large, the phase difference increases for all ω ′′ . The drag reduction rate in turbulent channel flow, as shown in Fig. 11 , is expressed by the logarithmic function of the mean distance between the two farthest beads, L m . It is noted that L m is related to relaxation time. Figure 18 shows the relation between L + m and factors A and B. It can be observed that relaxation time is correlated with the length of the elongated model. In accordance with Fig. 11 , the drag reduction rate can be plotted using a logarithmic function of factors A and B, as shown in Figs. 19 and 20. The trend that longer relaxation time results in higher drag reduction rate is in qualitative agreement with continuous models (e.g., the FENE-P model).
Conclusion
The influence of the length of polymer aggregation on the turbulent drag reduction effect was investigated through numerical simulations using the bead-spring chain model. In addition, we estimated the relaxation time of the model for different total natural lengths and spring constants. In continuous models (e.g., the FENE-P model), the drag reduction effect is described using the Weissenberg number, which is the ratio of the relaxation time of the polymer to the representative time of turbulence. This relaxation time can be controlled using the total natural length and the spring constant of the present model. We confirmed that, similar to the continuous model, the drag reduction effect can be described using the time scale of the present model. It should be emphasized that the present model has the advantage that the length scale of model can be compared to that of turbulent structures. The results show that the longer elongated model in turbulent channel flow exhibits longer relaxation time. As the drag reduction rate increases with relaxation time, higher drag reduction rate is achieved when the length of the elongated model increases. In addition, it is expected that the length of the elongated model should be longer than the scale of vortical structures for drag reduction. In the visualization of the turbulent flow field, it can be observed that longer models exhibit strong energy dissipation due to Stokes drag and suppress velocity fluctuations. Fujimura, Iwamoto, Murata, Masuda, Ando and Mamori, Journal of Fluid Science and Technology, Vol.12, No.2 (2017) 
